Perspectives on effectively constraining the location of a massive
  trans-Plutonian object with the New Horizons spacecraft: a sensitivity
  analysis by Iorio, Lorenzo
ar
X
iv
:1
30
1.
38
31
v4
  [
as
tro
-p
h.E
P]
  2
9 J
an
 20
16
Perspectives on effectively constraining the location of a massive
trans-Plutonian object with the New Horizons spacecraft: a
sensitivity analysis
Lorenzo Iorio1
Ministero dell’Istruzione, dell’Universita` e della Ricerca (M.I.U.R.)-Istruzione
Fellow of the Royal Astronomical Society (F.R.A.S.)
Permanent address for correspondence: Viale Unita` di Italia 68, 70125, Bari (BA), Italy.
lorenzo.iorio@libero.it
Received ; accepted
– 2 –
ABSTRACT
The radio tracking apparatus of the New Horizons spacecraft, currently trav-
eling to the Pluto system where its arrival is scheduled for July 2015, should
be able to reach an accuracy of 10 m (range) and 0.1 mm s−1 (range-rate) over
distances up to 50 au. This should allow to effectively constrain the location
of a putative trans-Plutonian massive object, dubbed Planet X (PX) hereafter,
whose existence has recently been postulated for a variety of reasons connected
with, e.g., the architecture of the Kuiper belt and the cometary flux from the
Oort cloud. Traditional scenarios involve a rock-ice planetoid with mX ≈ 0.7m⊕
at some 100−200 au, or a Jovian body with mX . 5mJ at about 10, 000−20, 000
au; as a result of our preliminary sensitivity analysis, they should be detectable
by New Horizons since they would impact its range at a km level or so over a time
span six years long. Conversely, range residuals statistically compatible with zero
having an amplitude of 10 m would imply that PX, if it exists, could not be lo-
cated at less than about 4,500 au (mX = 0.7m⊕) or 60,000 au (mX = 5mJ), thus
making a direct detection quite demanding with the present-day technologies. As
a consequence, it would be appropriate to rename such a remote body as Telisto.
Also fundamental physics would benefit from this analysis since certain subtle
effects predicted by MOND for the deep Newtonian regions of our Solar System
are just equivalent to those of a distant pointlike mass.
Subject headings: Kuiper belt, trans-Neptunian objects; Lunar, planetary, and
deep-space probes; Celestial mechanics; Orbit determination; Experimental tests of
gravitational theories
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1. Introduction
The possible existence of a distant, pointlike object having the mass of a planet, or
even more, in the remote peripheries of our Solar System is traditionally well rooted in
the scientific community for a number of different reasons which are summarized in, e.g.,
(Iorio 2012). Several names were proposed so far for such a putative object according to its
hypothesized physical nature and role, ranging from a rock-ice planet with mass comparable
to that of Mars and the Earth to a brown/red dwarf: Planet X (Lowell 1915), Nemesis
(Raup and Sepkoski 1984; Melott and Bambach 2010), Tyche (Matese and Whitmire 2011).
For the sake of simplicity, we will conventionally denote it as Planet X (PX hereafter); after
our analysis, it will turn out that it may quite appropriately be renamed as1 Telisto. It is
interesting to note that, in recent years, the PX hypothesis is back in vogue (Gomes et al.
2006; Lykawka and Mukai 2008; Ferna´ndez 2011; Gomes and Soares 2012; Lykawka 2013).
As an example, Lykawka (Lykawka 2013) pointed out that the fine orbital structure of
the Kuiper belt, the orbits of both the Jovian and the Neptunian Trojans, and, perhaps,
the current orbits of the giant planets could be accommodated by the orbital evolution of
Mars/Earth-like primordial embryos. They were ultimately scattered by the giant planets;
nonetheless, the presently observed features of the trans-Neptunian objects at 40-50 au are
optimally satisfied if at least one such primordial planetoid survived in the outskirts of the
Solar System.
On the other hand, the PX scenario is certainly not infrequent in several extrasolar
systems, thus yielding new, stronger motivations about the fascinating possibility that the
same may occur in our Solar System as well. For example, the M dwarf GJ 317 hosts two
Jupiter-size planets with semimajor axes ab = 1.148 au and ac = 10 − 40 au, respectively
(Anglada-Escude´ et al. 2012). The multiple system of the young late A star HR 8799 is
made of five huge Jovian planets (7− 10mJ) orbiting at large astrocentric distances (15− 68
au) (Soummer et al. 2011). HIP 5158c is a m = 15mJ planet moving at 7.7 au from its
parent star which is more closely (ab = 0.89 au) orbited by another lighter Jupiter-type
planet (m = 1.44mJ) (Feroz et al. 2011). Single sub-stellar distant companions have been
discovered as well; as an example, CT Cha (M⋆ = M⊙) has a brown dwarf-type partner
(m = 17mJ) at 440 au (Schmidt et al. 2008). Even more distant is the brown dwarf
candidate (m = 8mJ) WD 0806-661Bb, at 2500 au from its hosting star (Rodriguez et al.
2011). Moving to compact parents, PSR B1620-26 (Sigurdsson et al. 2003; Richer et al.
2003) is a triple system made of a pulsar-white dwarf binary in a relatively close orbit
(Pb = 102 d) (Arzoumanian et al. 1996) orbited by quite distant circumbinary planet-like
companion8 (Pb ∼ 10
4 d). In general, theoretical studies encounter difficulties in explaining
the formation and origin of such planets at wide orbits (>100 au) around their host stars.
Recently, it has been proposed (Perets and Kouwenhoven 2012) that they can be the result
1From τη´λιστος : farthest, most remote.
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of dynamical recaptures of free floating planets in dispersing stellar clusters and stellar
associations. The discovery of a remote trans-Plutonian planet would, thus, also contribute
to shed light on the environment in which the formation of our Solar System took place
(Veras et al. 2011; Veras and Wyatt 2012; Veras and Tout 2012).
PX investigations have also direct relevance for fundamental physics and alternative
theories of gravity; indeed, a distant, isolated mass such as a hypothetical planet would
have the same signature as certain subtle effects predicted by MOND in the Solar System
(Milgrom 2009; Blanchet and Novak 2011). Moreover, PX can be viewed as a potentially
non-negligible source of systematic bias on several proposed high accuracy tests of general
relativity and fundamental physics to be conducted in the far regions of our Solar System.
Analogous considerations hold for extrasolar binaries made of compact objects orbited by
distant PX-type companions as well (Freire et al. 2012). Finally, PX studies have also
connections with the issue of the three-dimensional Galactic acceleration of our Solar
System (Xu et al. 2012) which, in turn, is crucial for the (non-baryonic) Dark Matter
problem.
In this paper, we focus on the constraints on the spatial location of PX which can
indirectly be inferred from its putative gravitational pull on known Solar System’s objects.
An analysis (Iorio 2012) using the supplementary precessions of the perihelia (Fienga et al.
2010) of some known planets of the Solar System was recently made to put constraints on
the minimum allowable heliocentric distance of PX for different hypothesized values of its
mass as a function of its ecliptic longitude and latitude. Although more recent data on
extra-rates of planetary perihelia (Fienga et al. 2011) appeared after the study in (Iorio
2012), here we will follow a different approach. We will investigate the future perspectives
to enhance the present-day bounds on the location of PX offered by accurate radio tracking
of anthropogenic objects approaching the known peripheries of the planetary regions of our
Solar System. Indeed, several spacecraft-based missions with such targets have recently
been proposed and/or approved: Uranus Pathfinder (Arridge et al. 2012), OSS (Outer Solar
System) (Christophe et al. 2012), New Horizons (Stern 2008).
Among them, we will concentrate on New Horizons since it has been implemented.
It was launched on 19 January 2006, and it is currently en route to the Pluto system,
where it should arrive in July 2015, and the Kuiper belt. Contrary to the Voyager 1-2
spacecrafts, New Horizons is spin-stabilized; thus, accurate radioscience will be possible
(Turyshev and Toth 2010). Thanks to REX (Tyler et al. 2008), an uplink radio science
instrument with radiometer capabilities, the accuracy in range tracking should be better
than 10 m (1σ) up to 50 au (Fountain et al. 2008) corresponding to an extended mission
configuration up to six years more after 2015, while Doppler velocity measurements accurate
to better than 0.1 mm s−1 should be possible throughout the mission (Fountain et al. 2008).
This opens interesting perspectives to effectively constraining the location of a putative
remote PX through its gravitational effect on the range ρ and the range-rate ρ˙ of New
Horizons.
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2. PX-induced Range signatures
Here, we will produce numerically integrated signals ∆ρ,∆ρ˙ induced by PX on the
range and range-rate of New Horizons for different values of its putative mass and spatial
location. As far as the position of PX is concerned, we will parameterize it in terms of the
usual Keplerian orbital elements which are the semimajor axis a, the eccentricity e, the
inclination I of the orbital plane to the reference {x, y} plane adopted, the longitude of the
ascending node Ω , the argument of pericenter ω, and the true anomaly f . More specifically,
we will first numerically integrate the equations of motion in rectangular Cartesian
coordinates of the Earth, PX and New Horizons in a heliocentric coordinate system having
the mean ecliptic at J2000.0 ad reference {x, y} plane; the initial conditions, corresponding
to, say, 1 Jan. 2015, are retrieved from the HORIZONS WEB interface maintained by
NASA. We will also compute the Earth-New Horizons range and the range-rate by direct
differentiation. Then, we will repeat the same procedure without PX in the model, and
we will take the difference of the two numerically produced time series corresponding to
the same initial conditions both for the range and the range-rate. The time interval of the
integration is 6 yr corresponding to an extended mission–to be approved by NASA–through
the Kuiper Belt up to 50 au (Fountain et al. 2008). The resulting signals ∆ρ,∆ρ˙ are
representative of the impact of PX on the New Horizons directly observable quantities.
We will use such templates to preliminarily infer an order-of-magnitude evaluation of
the constraints on PX which could plausibly be obtained from the range and range-rate
residuals of New Horizons. Clearly, it is just a preliminary sensitivity analysis which in no
ways pretends to replace an accurate covariance analysis based on simulations of the actual
data reduction procedure which, among other things, should require an explicit inclusion of
PX in the dynamical models to be fit to the simulated observations.
As a naive rule-of-thumb, we will assume that, for a given value of the mass mX of
PX and of its spatial orientation, the minimum distance allowed for PX will be the one
providing a peak-to-peak amplitude of the simulated signal as large as 10 m for the range
and 0.1 mm s−1 for the range-rate. If the peak-to-peak amplitude of, say, the range signal
will be larger than 10 m, then the minimum distance of PX can actually be even larger,
and vice-versa.
We will consider just two “classical” scenarios for PX; the one involving a 0.7m⊕
rock-ice planetoid at some 100 − 175 au (Lykawka and Mukai 2008; Lykawka 2013),
and a Tyche-type giant planet (1mJ . mX . 5mJ) at about 10, 000 − 30, 000 au
(Matese and Whitmire 2011; Ferna´ndez 2011). In the following, we will only consider the
range since it turned out that it yields tighter constraints than the range-rate.
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2.1. The Mars/Earth-type case
It turns out that if a PX with mX = 0.7m⊕ is really at 100− 175 au, then it will hardly
escape from detection by New Horizons since its simulated peak-to-peak range amplitude
would be as large as 1.5− 7 km; perhaps, even a direct, raw inspection of the actual range
residuals produced without even modeling its action would be able to detect it. Indeed, its
signature would be so huge that it is unlikely that it could be removed from the real range
residuals below the 10 m level due to a partial “absorption” of its unmodeled signal in the
fit of the initial conditions. However, such an issue will certainly deserve dedicated, more
specific studies.
What could be concluded about PX if nothing different from zero at a statistically
significative level will appear in the range residuals of New Horizons? In Figure A-Figure
E we depict the PX-induced New Horizons range signals over a time span six years long,
corresponding to a heliocentric distance of New Horizons up to 50 au, for mX = 0.7m⊕
whose peak-to-peak amplitudes are as large as about 10 m by varying the parameters fixing
its position in space.
It is significant to note that all the plots were obtained for aX = 4, 500 au. Even taking
into account the aforementioned caveat, this means that a null result would imply that
an Earth-like rock-ice body could be located at not less than about 4, 000 au or, for some
particular spatial orientation of the orbit of PX, even more (see Figure D).
2.2. The Tyche-type case
The same kind of numerical analysis previously made for a rock-ice, Earth-sized
planetoid shows that a Jovian mass at 10,000 au would impact the range of New Horizons
with a signal having a peak-to-peak amplitude as large as 1 km over six years, while for
mX = 5mJ and aX = 20, 000 au the range perturbation would amount to ≈ 1.2 km over the
same time span. Thus, it can reasonably be concluded that also such a kind of PX would
be detectable by New Horizons.
Also in this case, it is interesting to consider the consequences of a null result. From
Figure F-Figure J it turns out that a brown dwarf object with mX = 5mJ should be as
distant as ≈ 60, 000 au, or even more for certain orbital geometries, to yield range residuals
of the order of ≈ 10 m or so.
We mention the fact that a Sun-like main sequence star should be located at 3 × 106
au to affect the New Horizons range at a ≈ 10 m level.
It is important to remark that if the range residuals of New Horizons will be statistically
compatible with zero, this will have severe consequences about the possibility of directly
detecting PX from its emitted electromagnetic radiation, either in the visible or in the
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infrared. Indeed, from the sensitivity analysis presented here and from the discussion on
the direct detectability summarized in Section 4 of (Iorio 2012), it turns out that imaging
so remote bodies would be quite difficult with the present-day technologies.
3. Summary and conclusions
We preliminarily investigated the effects that a distant, pointlike massive object
lurking in the outskirts of our Solar System, not yet directly discovered, would have on the
range and range-rate of the New Horizons spacecraft over a time span of 6 yr in a possible
extended mission configuration after its arrival at the Pluto system scheduled in July 2015.
We assumed an accuracy of 10 m and 0.1 mm s−1 for the range and the range-rate of New
Horizons, respectively.
It turned out that the range should provide tighter constraints on the location of such
a putative trans-Plutonian object than the range-rate.
An Earth-sized rock-ice planetoid at some ≈ 100 − 200 au or a Jovian mass at
≈ 10, 000 − 20, 000 au should be relatively easy to detect since they would impact the
range of New Horizons at a km level or so. Even if the dynamical action of such a body
was not explicitly modeled in the actual data reduction process, it is unlikely that so huge
signatures may be removed from the residuals below the 10 m level due to a possible partial
signal “absorption” in estimating the initial conditions. Conversely, a null result, i.e. range
residuals statistically compatible with zero as large as 10 m, would have the consequence
of greatly increasing the minimum allowable distance for a putative distant companion of
the Sun. A 0.7m⊕ planetoid should be located at approximately 4, 500 au, or even more
depending on its orbital geometry, while a brown-dwarf with mX = 5mJ could only exist at
not less than about 60, 000 au. As a consequence, its direct detection would become quite
demanding with the currently available technologies. As anticipated in the Introduction,
naming Telisto such a so far object would, thus, be quite appropriate.
The results of such an investigation would also be relevant for fundamental physics
and modified models of gravity. Indeed, certain consequences predicted by MOND for the
External Field Effect in the deep Newtonian regions of our Solar System would just mimic
the action of a distant, pointlike mass.
Finally, as a concluding remark, we will stress once again that the present study is a
sensitivity analysis. A useful, complementary approach, which is beyond the scopes of this
work, consists of a full covariance analysis involving the estimation of one or more dedicated
parameters for Telisto in the reduction of simulated data of New Horizons.
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Appendix
A. Figures
In this Appendix, all the figures quoted in the text are collected for a better overall
readability of the paper. Figure A-Figure E refer to the range signatures ∆ρ due to a
planetoid with mX = 0.7 m⊕, while Figure F-Figure J deal with the case mX = 5 mJ. They
cover a 6-yr interval starting from t0 = 1 Jan 2015.
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Fig. A.— Numerically integrated Earth-New Horizons range signal ∆ρ, in m, for t0 = 1 Jan
2015, mX = 0.7 m⊕, aX = 4, 500 au, eX = 0.07, IX = 35 deg, ΩX = 60 deg, ωX = 50 deg.
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Fig. B.— Numerically integrated Earth-New Horizons range signal ∆ρ, in m, for t0 = 1 Jan
2015, mX = 0.7 m⊕, aX = 4, 500 au, eX = 0.07, fX = 0 deg, ΩX = 60 deg, ωX = 50 deg.
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Fig. C.— Numerically integrated Earth-New Horizons range signal ∆ρ, in m, for t0 = 1 Jan
2015, mX = 0.7 m⊕, aX = 4, 500 au, eX = 0.07, fX = 0 deg, IX = 120 deg, ωX = 50 deg.
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Fig. D.— Numerically integrated Earth-New Horizons range signal ∆ρ, in m, for t0 = 1 Jan
2015, mX = 0.7 m⊕, aX = 4, 500 au, eX = 0.07, fX = 0 deg, IX = 120 deg, ΩX = 60 deg.
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Fig. E.— Numerically integrated Earth-New Horizons range signal ∆ρ, in m, for t0 = 1 Jan
2015, mX = 0.7 m⊕, aX = 4, 500 au, ΩX = 60 deg, fX = 0 deg, IX = 120 deg, ωX = 50 deg.
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Fig. F.— Numerically integrated Earth-New Horizons range signal ∆ρ, in m, for t0 = 1 Jan
2015, mX = 5 mJ, aX = 60, 000 au, eX = 0.07, IX = 35 deg, ΩX = 60 deg, ωX = 50 deg.
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Fig. G.— Numerically integrated Earth-New Horizons range signal ∆ρ, in m, for t0 = 1 Jan
2015, mX = 5 mJ, aX = 60, 000 au, eX = 0.07, fX = 0 deg, ΩX = 60 deg, ωX = 50 deg.
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Fig. H.— Numerically integrated Earth-New Horizons range signal ∆ρ, in m, for t0 = 1 Jan
2015, mX = 5 mJ, aX = 60, 000 au, eX = 0.07, fX = 0 deg, IX = 120 deg, ωX = 50 deg.
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Fig. I.— Numerically integrated Earth-New Horizons range signal ∆ρ, in m, for t0 = 1 Jan
2015, mX = 5 mJ, aX = 60, 000 au, eX = 0.07, fX = 0 deg, IX = 120 deg, ΩX = 60 deg.
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Fig. J.— Numerically integrated Earth-New Horizons range signal ∆ρ, in m, for t0 = 1 Jan
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– 14 –
REFERENCES
Anglada-Escude´, G., Boss, A. P., Weinberger, A. J., Thompson, I. B., Butler, R. P., Vogt,
S. S., and Rivera, E. J. (2012). Astrometry and Radial Velocities of the Planet Host
M Dwarf GJ 317: New Trigonometric Distance, Metallicity, and Upper Limit to the
Mass of GJ 317b. The Astrophysical Journal, 746:37.
Arridge, C. S., Agnor, C. B., Andre´, N., Baines, K. H., Fletcher, L. N., Gautier, D.,
Hofstadter, M. D., Jones, G. H., Lamy, L., Langevin, Y., Mousis, O., Nettelmann,
N., Russell, C. T., Stallard, T., Tiscareno, M. S., Tobie, G., Bacon, A., Chaloner,
C., Guest, M., Kemble, S., Peacocke, L., Achilleos, N., Andert, T. P., Banfield, D.,
Barabash, S., Barthelemy, M., Bertucci, C., Brandt, P., Cecconi, B., Chakrabarti,
S., Cheng, A. F., Christensen, U., Christou, A., Coates, A. J., Collinson, G., Cooper,
J. F., Courtin, R., Dougherty, M. K., Ebert, R. W., Entradas, M., Fazakerley, A. N.,
Fortney, J. J., Galand, M., Gustin, J., Hedman, M., Helled, R., Henri, P., Hess, S.,
Holme, R., Karatekin, O¨., Krupp, N., Leisner, J., Martin-Torres, J., Masters, A.,
Melin, H., Miller, S., Mu¨ller-Wodarg, I., Noyelles, B., Paranicas, C., de Pater, I.,
Pa¨tzold, M., Prange´, R., Que´merais, E., Roussos, E., Rymer, A. M., Sa´nchez-Lavega,
A., Saur, J., Sayanagi, K. M., Schenk, P., Schubert, G., Sergis, N., Sohl, F., Sittler,
E. C., Teanby, N. A., Tellmann, S., Turtle, E. P., Vinatier, S., Wahlund, J.-E., and
Zarka, P. (2012). Uranus Pathfinder: exploring the origins and evolution of Ice Giant
planets. Experimental Astronomy, 33:753–791.
Arzoumanian, Z., Joshi, K., Rasio, F. A., and Thorsett, S. E. (1996). Orbital Parameters
of the PSR B1620-26 Triple System. In Johnston, S., Walker, M. A., and Bailes,
M., editors, IAU Colloq. 160: Pulsars: Problems and Progress, volume 105 of
Astronomical Society of the Pacific Conference Series, pages 525–530. Astronomical
Society of the Pacific, San Framcisco.
Blanchet, L. and Novak, J. (2011). External field effect of modified Newtonian dynamics in
the Solar system. Monthly Notices of the Royal Astronomical Society, 412:2530–2542.
Christophe, B., Spilker, L. J., Anderson, J. D., Andre´, N., Asmar, S. W., Aurnou, J.,
Banfield, D., Barucci, A., Bertolami, O., Bingham, R., Brown, P., Cecconi, B.,
Courty, J.-M., Dittus, H., Fletcher, L. N., Foulon, B., Francisco, F., Gil, P. J. S.,
Glassmeier, K. H., Grundy, W., Hansen, C., Helbert, J., Helled, R., Hussmann, H.,
Lamine, B., La¨mmerzahl, C., Lamy, L., Lehoucq, R., Lenoir, B., Levy, A., Orton,
G., Pa´ramos, J., Poncy, J., Postberg, F., Progrebenko, S. V., Reh, K. R., Reynaud,
S., Robert, C., Samain, E., Saur, J., Sayanagi, K. M., Schmitz, N., Selig, H., Sohl,
F., Spilker, T. R., Srama, R., Stephan, K., Touboul, P., and Wolf, P. (2012). OSS
(Outer Solar System): a fundamental and planetary physics mission to Neptune,
Triton and the Kuiper Belt. Experimental Astronomy, 34(2):203–242.
– 15 –
Ferna´ndez, J. A. (2011). On the Existence of a Distant Solar Companion and its Possible
Effects on the Oort Cloud and the Observed Comet Population. The Astrophysical
Journal, 726:33.
Feroz, F., Balan, S. T., and Hobson, M. P. (2011). Bayesian evidence for two companions
orbiting HIP 5158. Monthly Notices of the Royal Astronomical Society, 416:L104–
L108.
Fienga, A., Laskar, J., Kuchynka, P., Le Poncin-Lafitte, C., Manche, H., and Gastineau,
M. (2010). Gravity tests with INPOP planetary ephemerides. In Klioner, S. A.,
Seidelmann, P. K., and Soffel, M. H., editors, IAU Symposium, volume 261 of IAU
Symposium, pages 159–169.
Fienga, A., Laskar, J., Kuchynka, P., Manche, H., Desvignes, G., Gastineau, M.,
Cognard, I., and Theureau, G. (2011). The INPOP10a planetary ephemeris and its
applications in fundamental physics. Celestial Mechanics and Dynamical Astronomy,
111(3):363–385.
Fountain, G. H., Kusnierkiewicz, D. Y., Hersman, C. B., Herder, T. S., Coughlin, T. B.,
Gibson, W. C., Clancy, D. A., Deboy, C. C., Hill, T. A., Kinnison, J. D., Mehoke,
D. S., Ottman, G. K., Rogers, G. D., Stern, S. A., Stratton, J. M., Vernon, S. R.,
and Williams, S. P. (2008). The New Horizons Spacecraft. Space Science Reviews,
140:23–47.
Freire, P. C. C., Kramer, M., and Wex, N. (2012). Tests of the universality of free fall for
strongly self-gravitating bodies with radio pulsars. Classical and Quantum Gravity,
29(18):184007.
Gomes, R. S., Matese, J. J., and Lissauer, J. J. (2006). A distant planetary-mass solar
companion may have produced distant detached objects. Icarus, 184:589–601.
Gomes, R. S. and Soares, J. S. (2012). Signatures Of A Putative Planetary Mass Solar
Companion On The Orbital Distribution Of Tno’s And Centaurs. In AAS/Division
of Dynamical Astronomy Meeting, volume 43 of AAS/Division of Dynamical
Astronomy Meeting, page 05.01.
Iorio, L. (2012). Constraints on the location of a putative distant massive body in the Solar
System from recent planetary data. Celestial Mechanics and Dynamical Astronomy,
112:117–130.
Lowell, P. (1915). Memoir on a trans-Neptunian planet. Mem. Lowell Obs., 1(1):1–135.
Lykawka, P. (2013). Trans-Neptunian Objects as Natural Probes to the Unknown Solar
System. Monographs on Environment, Earth and Planets. At press.
– 16 –
Lykawka, P. S. and Mukai, T. (2008). An Outer Planet Beyond Pluto and the Origin of the
Trans-Neptunian Belt Architecture. The Astronomical Journal, 135:1161–1200.
Matese, J. J. and Whitmire, D. P. (2011). Persistent evidence of a jovian mass solar
companion in the Oort cloud. Icarus, 211:926–938.
Melott, A. L. and Bambach, R. K. (2010). Nemesis reconsidered. Monthly Notices of the
Royal Astronomical Society, 407:L99–L102.
Milgrom, M. (2009). MOND effects in the inner Solar system. Monthly Notices of the Royal
Astronomical Society, 399:474–486.
Perets, H. B. and Kouwenhoven, M. B. N. (2012). On the Origin of Planets at Very Wide
Orbits from the Recapture of Free Floating Planets. The Astrophysical Journal,
750:83.
Raup, D. M. and Sepkoski, J. J. (1984). Periodicity of Extinctions in the Geologic Past.
Proceedings of the National Academy of Science, 81:801–805.
Richer, H. B., Ibata, R., Fahlman, G. G., and Huber, M. (2003). The Pulsar/White
Dwarf/Planet System in Messier 4: Improved Astrometry. The Astrophysical
Journal, 597(1):L45–L47.
Rodriguez, D. R., Zuckerman, B., Melis, C., and Song, I. (2011). The Ultra Cool Brown
Dwarf Companion of WD 0806-661B: Age, Mass, and Formation Mechanism. The
Astrophysical Journal Letters, 732:L29.
Schmidt, T. O. B., Neuha¨user, R., Seifahrt, A., Vogt, N., Bedalov, A., Helling, C., Witte,
S., and Hauschildt, P. H. (2008). Direct evidence of a sub-stellar companion around
CT Chamaeleontis. Astronomy & Astrophysics, 491:311–320.
Sigurdsson, S., Richer, H., Hansen, B., Stairs, I., and Thorsett, S. (2003). A young white
dwarf companion to pulsar B1620-26: evidence for early planet formation. Science,
301(5630):193–196.
Soummer, R., Brendan Hagan, J., Pueyo, L., Thormann, A., Rajan, A., and Marois, C.
(2011). Orbital Motion of HR 8799 b, c, d Using Hubble Space Telescope Data
from 1998: Constraints on Inclination, Eccentricity, and Stability. The Astrophysical
Journal, 741(1):55.
Stern, S. A. (2008). The New Horizons Pluto Kuiper Belt Mission: An Overview with
Historical Context. Space Science Reviews, 140:3–21.
Turyshev, S. G. and Toth, V. T. (2010). The Pioneer Anomaly. Living Reviews in Relativity,
13(4).
– 17 –
Tyler, G. L., Linscott, I. R., Bird, M. K., Hinson, D. P., Strobel, D. F., Pa¨tzold, M.,
Summers, M. E., and Sivaramakrishnan, K. (2008). The New Horizons Radio Science
Experiment (REX). Space Science Reviews, 140:217–259.
Veras, D. and Tout, C. A. (2012). The great escape - II. Exoplanet ejection from
dying multiple-star systems. Monthly Notices of the Royal Astronomical Society,
422:1648–1664.
Veras, D. and Wyatt, M. C. (2012). The Solar system’s post-main-sequence escape
boundary. Monthly Notices of the Royal Astronomical Society, 421:2969–2981.
Veras, D., Wyatt, M. C., Mustill, A. J., Bonsor, A., and Eldridge, J. J. (2011). The great
escape: how exoplanets and smaller bodies desert dying stars. Monthly Notices of
the Royal Astronomical Society, 417:2104–2123.
Xu, M. H., Wang, G. L., and Zhao, M. (2012). The solar acceleration obtained by VLBI
observations. Astronomy & Astrophysics, 544:A135.
This manuscript was prepared with the AAS LATEX macros v5.2.
